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Doubly charged excited leptons give rise to interesting signatures for physics beyond the standard
model at the present Large Hadron Collider. These exotic states are introduced in extended isospin
multiplets which couple to the ordinary leptons and quarks either with gauge or contact effective
interactions or a combination of both. In this paper we study the production and the corresponding
signatures of doubly charged leptons at the forthcoming linear colliders and we focus on the electron-
electron beam setting. In the framework of gauge interactions, the interference between the t and
u channel is evaluated that has been neglected so far. A pure leptonic final state is considered
(e− e− → e− e− νe ν¯e) that experimentally translates into a like-sign dilepton and missing transverse
energy signature. We focus on the standard model irreducible background and we study the invariant
like-sign dilepton mass distribution for both the signal and background processes. Finally, we provide
the 3 and 5-sigma statistical significance exclusion curves in the model parameter space. We find
that for a doubly charged lepton mass m∗ ≈ 2 TeV the expected lower bound on the compositeness
scale at CLIC, Λ > 25 TeV, is much stronger than the current lower bound from LHC (Λ > 5 TeV)
and remains highly competitive with the bounds expected from the run II of the LHC.
I. INTRODUCTION
The Standard Model (SM) of particle physics is nowa-
days well tested within a plethora of low and high energy
experiments. The recent discovery of a particle compati-
ble with the missing fundamental scalar [1], [2], the Higgs
boson, establishes the last great success of the SM. Of
course the theoretical and experimental frontiers are just
moved onto some further questions and issues. Among
those, let us consider the so-called hierarchy problem
or the question why the Higgs boson mass is light af-
ter including loop corrections. Indeed, the Higgs mass
receives quantum corrections from all heavy SM parti-
cles (Higgs, gauge bosons and top quark). Such diver-
gences are quadratic in a generic cutoff scale and not
protected by any chiral symmetry like the fermion masses
are. Moreover, any possible new physics scale laying be-
tween the electroweak and the Planck scale might push
up the cutoff scale. Unless a fine tuning is considered as a
satisfactory answer, a deeper understanding is desirable.
Certainly several beyond the standard model scenar-
ios have been considered in the literature. Supersym-
metry [3, 4], extra-dimensions [5–7], partial composite-
ness [8] and compositeness [9–11] are just a few of them.
An active search for supersymmetric particles has been
carried out at the Large Hadron Collider (LHC) with
no positive outcome until now [12],[13]. This brings to
a quite narrow window for the minimal supersymmetric
model even though many non-minimal realizations are
still under investigation and not excluded by the current
data. The compositeness approach is somewhat comple-
mentary to supersymmetry and no experimental evidence
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has been provided either. New unknown particles are
supposed to be the constituents of the Higgs boson and
its mass is induced by some internal dynamics as a meson
mass is generated by an interacting quark anti-quark pair
[14]. On the same footing, composite models also concern
about the proliferation of the SM leptons and quarks col-
lected in the three different generations. One of the main
consequence of a further substructure is the possibility to
observe excited fermions that would produce signatures
to be studied at colliders [9]. Indeed, many experimental
analysis at colliders have been performed about the di-
rect or indirect search of excited fermions, especially in
the framework of four-fermion contact interactions. The
stronger bounds are nowadays provided by the LHC ex-
periments [15],[16].
In this paper, we focus on excited leptons and in par-
ticular on those having an exotic charge Q = 2e. These
states appear in the context of phenomenological models
that rely on isospin invariance and magnetic type inter-
action [10]. Doubly charged leptons appear also in string
inspired models [17] and in supersymmetric extensions of
left-right symmetric models [18],[19]. Not prompt decay-
ing doubly charged leptons have been also considered as
a viable candidate for cold dark matter [20].
The production cross section and relevant signatures
for the excited doubly charged leptons have been studied
in some detail for both the contact and gauge interactions
in the LHC framework [21, 22]. In this work, we address
the phenomenology of doubly charged leptons in the con-
text of the forthcoming electron-positron linear colliders.
In particular, we aim to investigate the signatures pro-
duced by the doubly charged leptons at the linear col-
liders facilities and the interplay with the corresponding
SM background. The International Linear Collider (ILC)
[23] and the Compact Linear Collider (CLIC) [24, 25]
proposals offer the possibility to have e−e− beams. An
interesting feature of the e−e− scattering is its particu-
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2lar sensitivity to lepton violating processes, such as those
that would be induced by the existence of heavy Majo-
rana neutrinos [26]. Here we will focus on this particular
beam option, besides the standard one (e+e−), because it
allows for the single production channel. Indeed, at tree
level, the e+e− configuration allows only pair production
of the excited leptons and the available phase space would
be very limited since the excited lepton mass is expected
to be quite large. We consider a pure leptonic final state
as follows:
e−e− → E−−νe →W−e−νe → (e−e−)ν¯eνe. (1)
Since we want to shape the main features of the process
we fix the flavour of the final state leptons within the first
generation (electron flavour).
We emphasise that the ATLAS and CMS collabora-
tions have recently provided lower bounds on the mass of
the excited leptons and of long lived multi-charged par-
ticles. Excited leptons have been searched in the process
pp → `∗` → ``γ, assuming that the new particles are
produced via contact interactions and decay via gauge
interactions [27–29]. They provide a lower bound on the
mass of the excited leptons m∗ > 2.2 TeV for the special
case in which the compositeness scale Λ = m∗. When Λ
and m∗ are treated as independent parameters exclusion
curves are given in the plane (m∗,Λ). For example for
m∗ = 0.6 TeV the authors of ref. [28] find Λ > 10 TeV.
As regards the long lived multi-charged particles the
ATLAS collaboration excludes particles up to 430 GeV
based on the run at
√
s = 7 TeV and with L = 5 fb−1
[30]. Similarly the CMS collaboration sets lower mass
limits up to 685 GeV within the run at
√
s = 8 TeV and
with L = 18.8 fb−1 [31]. These exclusion limits do not di-
rectly apply to our model because Drell-Yan-like pair pro-
duction is assumed for the multi-charged particle in the
experimental analysis and the doubly charged lepton con-
sidered here promptly decays. The production of excited
fermions at linear electron-positron and electron-proton
colliders has been addressed already long ago [32],[33]. A
more recent phenomenological study on excited fermions
at linear colliders can be found in [34], where particles
with spin 1/2 and 3/2 have been considered.
In Sec. II we briefly discuss the model where the dou-
bly charged leptons are introduced. In Sec. III A we ad-
dress the production cross section for the doubly charged
lepton in the context of gauge mediated interactions,
whereas Sec. III B is dedicated to the production cross
section via contact interactions. In Sec. IV we study the
SM irreducible background and we carry out the analysis
of the relevant kinematic distributions for the signal and
the SM background processes. Finally we summarize our
conclusions and outlook in Sec. V.
II. EXTENDED ISOSPIN MODEL
It is well known that in hadronic physics the strong
isospin symmetry allowed to discover baryon and meson
e−(p1)
e−(p2)
e−(p1)
e−(p2)
E−− E−−
νe νe
c) d)
e−(p1)
e−(p2) e−(p1)
e−(p2)E−− E−−
νe νe
a) b)
FIG. 1. Diagrams for the the process e− e− → E−−νe
induced by the contact interaction Lagrangian (a and b) and
gauge interaction Lagrangian (c and d). Solid lines stand
for electrons and electron neutrinos, wiggled lines for the W
boson and solid double lines for the doubly charged lepton.
We label with different momenta, p1 and p2, the incoming
electrons.
resonances well before the observation of quarks and glu-
ons. The properties of the hadronic states could be delin-
eated using the SU(2) and SU(3) symmetries. In analogy
with this it may be expected that, for the electroweak
sector, the weak isospin spectroscopy could reveal some
properties of excited fermions without reference to a par-
ticular internal structure.
The standard model fermions have IW = 0 and IW =
1/2 and the electroweak bosons have IW = 0 and IW = 1,
so, combining them, we can consider fermionic excited
states with IW ≤ 3/2. The multiplets with IW = 1
(triplet) and IW = 3/2 (quadruplet) include the doubly
charged leptons that are studied in this work:
L1 =
 L0L−
L−−
 , L3/2 =
 L
+
L0
L−
L−−
 ,
with similar multiplets for the antiparticles. While re-
ferring to the original work in [35] for a detailed discus-
sion of all couplings and interactions, we discuss here
only the main features of the higher multiplets and write
down the relevant effective lagrangian density. We refer
to [21] for further details and here we mention only that
the higher isospin multiplets (IW = 1, 3/2) contribute
solely to the iso-vector current and do not contribute
to the hyper-charge current. Therefore the particles of
these higher multiplets interact with the standard model
fermions only via the W gauge field. For the exotic dou-
3bly charged lepton of the IW = 1 triplet and the one
of the IW = 3/2 quadruplet the relevant interaction la-
grangians are respectively:
L(1)G = i
g f
Λ
(
ψ¯E σµν ∂
νWµ PR ψe
)
+ h.c. (2a)
L(3/2)G = i
g f˜
Λ
(
ψ¯Eσµν ∂
νWµ PL ψe
)
+ h.c. (2b)
where f , f˜ are couplings that parametrize the effective
interaction for the IW = 1 and IW = 3/2, g is the SU(2)
coupling, PL = (1 − γ5)/2 and PR = (1 + γ5)/2 are
the chiral projectors, σµν = i [γµ, γν ] /2. The field ψE
stands for the doubly charged lepton either for the case
IW = 1 or IW = 3/2, ψe and ψν are the electron and
electron neutrino field respectively. The constants f and
f˜ are usually set to one in the literature and we keep this
choice as well. The effective Lagrangian in (2) is made
of dimension five operators and hence one inverse power
of the new physics scale Λ is there. Let us now discuss
contact interactions (CI).
Contact interactions describe an effective vertex by a
four-fermion interaction which is obtained after the high
energy modes of order of the compositeness scale Λ have
been integrated out. The underlying theory is indeed not
specified and an effective Lagrangian is set up in order to
study the interaction between excited fermions and SM
particles. We consider the general contact interaction
Lagrangian to be
LCI =
(
g2∗
2Λ2
)
jµjµ , (3)
where the current reads [11]
jµ =
(
ηf¯LγµfL + η
′f¯Lγµf∗L + η
′′f¯∗Lγµf
∗
L + h.c.
)
+(L → R) , (4)
where fL stands for a SM fermion and f
∗
L for an excited
fermion. The constants in front of each vector current are
usually put equal to one in the literature. In the follow-
ing we do not consider the right-handed Lagrangian term
in (4) for simplicity. The resulting effective Lagrangian
in (4) is made of dimension six operators and hence two
inverse powers of the new physics scale Λ appear. Ac-
cording to the processes a and b displayed in Fig. 1, we
need the following current:
jµ =
[
ψ¯ν(x)γµPLψe(x) + ψ¯E(x)γµPLψe(x) + h.c.
]
,
(5)
where the fields ψν , ψe and ψE are the electron neutrino,
electron and excited lepton respectively, whereas PL =
(1 − γ5)/2 is the chiral projector. The corresponding
Lagrangian reads
LCI = g
2
∗
Λ2
[
ψ¯ν(x)γ
µPLψe(x) ψ¯E(x)γµPLψe(x) + h.c.
]
.
(6)
The gauge interactions in Eqs. (2) were implemented in
CalcHEP [36, 37] in [21] with the help of FeynRules [38],
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FIG. 2. (Color online). The plot shows the total cross sec-
tions for the process e−e− → E−−νe. In the left panel the to-
tal cross section against the center of mass energy is displayed
for the different isospin multiplets. The solid blue line stands
for E−− ∈ IW = 1, the dashed red one for E−− ∈ IW = 3/2
with the interference contribution taken into account. At vari-
ance, the orange dot-dashed curve is the result when the in-
terference is not considered. The right panel shows the total
cross section against mass. Also here the curves for different
multiplets are displayed. The compositeness parameters are
set to (m∗ = 0.5 TeV, Λ = 5 TeV). The green dots stand for
the CalcHEP output.
a Mathematica [39] package which allows to write down
the Feynman rules of any quantum field theory model
described by a given Lagrangian. In [22] the contact in-
teractions in Eq. (6) have been implemented in the same
CalcHEP model of [21]. Contact interactions have to be
entered ”by hand” in CalcHEP with the help of an aux-
iliary gauge field [37] which is exchanged by the fermion
currents. Once this was accomplished the CalcHEP gen-
erator has been used in [22] to address at LHC the inter-
play of gauge interactions, Eq. (2), with contact interac-
tions, Eq. (6), in the phenomenology of the exotic states
with respect to single production cross sections and the
excited particles decays. Here we plan to address the
same phenomenology aspects but with a focus on a Lin-
ear Collider facility.
III. PRODUCTION CROSS SECTIONS
Excited leptons were first introduced in the context of
compositeness and weak isospin invariance [10]. Higher
isospin multiplets, namely IW = 1 and IW = 3/2, were
added to the standard ones (IW = 0 and IW = 1/2) in
[35]. Exotic electromagnetic charges for the fermions are
then allowed (Q = 4/3 e, 5/3 e for quarks and Q = 2e for
leptons). Such exotic charges, not present in the SM, may
lead to interesting signatures that can be investigated
at colliders. In particular we will focus on the single
production of the doubly charged excited electron E−−
at the e−e− option of the linear collider, e−e− → E−−νe.
4A. Gauge interactions
In this subsection we focus on the production cross sec-
tion for doubly charged leptons via gauge interactions. At
variance with contact interactions, the gauge interactions
enrich the phenomenology with the sensitivity to angular
distributions and to different weak isospin multiplets. As
a drawback, the production cross sections derived from
gauge interactions are rather smaller than the ones pre-
dicted by contact interactions for the same value of the
parameters (m∗,Λ). Here, m∗ is the mass of the excited
doubly charged lepton and Λ the compositeness scale.
In the following, we show that the production cross sec-
tion for the doubly charged lepton is different depending
on E−− ∈ IW = 1 or IW = 3/2. The production cross
sections of excited fermions via gauge interactions for the
different multiplets were already evaluated in [35]. In
particular the process qaq¯b → f f∗ has been addressed,
where qa and qb are two generic SM quark and anti-quark,
f stands for a SM fermion and f∗ for an excited fermion.
The authors give general expressions for the process at
the parton level and they neglect the interference between
the different kinematic channels. Here, we add the study
of the interference between the t and u channel depicted
in Fig. 1, diagrams c and d respectively, relevant for the
present study. Indeed, the t-u interference vanishes in
the IW = 1 case but it plays a role when considering
IW = 3/2. The difference is determined by the chiral
projector involved in the vertex that couples the excited
fermion to a SM one.
In the following, we express the differential cross sec-
tions in terms of the Maldestam variables. According to
Fig. 1 one has to take into account the t and u channels
and the interference amongst the two. We list the result
as follows
(
dσ
dt
)
IW=1
=
1
4s2Λ2
g4f2
16pi
t
(t−M2W )2
[
m∗2(t−m∗2) + 2su+m∗2(s− u)]
+
1
4s2Λ2
g4f2
16pi
u
(u−M2W )2
[
m∗2(u−m∗2) + 2st+m∗2(s− t)] , (7)
(
dσ
dt
)
IW=3/2
=
1
4s2Λ2
g4f˜2
16pi
t
(t−M2W )2
[
m∗2(t−m∗2) + 2su−m∗2(s− u)]
+
1
4s2Λ2
g4f˜2
16pi
u
(u−M2W )2
[
m∗2(u−m∗2) + 2st−m∗2(s− t)]
+
1
8s2Λ2
g4f˜2
16pi
1
(u−M2W )
1
(t−M2W )
(
2stu+
3
4
utm∗2
)
. (8)
where MW is the W boson mass. Let us remark some features of the above expressions. One may obtain the cross
section for the u channel from the t one just by crossing symmetry, namely t↔ u. Therefore, the second line in eqs.
(7)-(8) is obtained from the first one by performing the exchange between the Maldestam variables t and u. The
cross sections for the different isospin multiplets differ from the third term in the square brackets, flip of sign, and the
interference term that is only present in eq. (8). The differences are inherited from the chiral projector that enters
the Lagrangian in (2), PR for E
−− ∈ IW = 1 and PL for E−− ∈ IW = 3/2. We compute explicitly the interference
term and we show that it accounts for a relevant effect in the integrated cross section for E−− ∈ IW = 3/2 as shown
in Fig. 2. Indeed, the cross section is reduced by a factor of almost one third at
√
s = 1 TeV and the effect becomes
larger at higher center of mass energies. The result for the integrated total cross section reads as follows
σIW=1 =
α2f2pi
(
s−m∗2)
s2Λ2 sin4 θw
[
−2 (s−m∗2)+ (s−m∗2 + 2M2W ) ln(1 + s−m∗2M2W
)]
, (9)
σIW=3/2 =
α2f˜2pi
sΛ2 sin4 θw
[
−2s+m∗2
(
1 +
M2W
s−m∗2 +M2W
)
+
(
s+ 2M2W
)
ln
(
1 +
s−m∗2
M2W
)]
+
α2f˜2pi
8s2Λ2 sin4 θw
(
8s+ 3m∗2
) [−s+m∗2 + 2M2W ln(1 + s−m∗2M2W
)]
, (10)
where we introduce the sine of the Weinberg angle (sin θw) in order to have the QED coupling constant
5in the expressions. Their behaviour near threshold,
s → m∗2, may be parametrized at leading order in x
as follows:
σIW=1 ∼ K
x4
m∗4M4W
, σIW=3/2 ∼ K˜
x
m∗2
, (11)
where we define x = s−m∗2, K = (α2f2pi)/(6Λ2 sin4 θW )
and K˜ = (11α2f˜2pi)/(8Λ2 sin4 θW ). The result for the
total cross section for the different multiplets is cross-
checked with the CalcHEP [37] output of the model in
Fig. 2.
B. Contact interactions
In this subsection we show the results for the produc-
tion cross section in the case of contact interactions.
The total cross section reads:
σ =
(
g2∗
Λ2
)2
s
4pi
(
1− m
∗2
s
)2
=
( s
Λ2
)2 4pi
s
(
1− m
∗2
s
)2
,
(12)
where in the last step we set g2∗ = 4pi, again keeping with
the usual choice found in the literature [11]. We remark
here that g∗ is an effective strong coupling constant, anal-
ogous to the ρ-meson effective coupling g2ρ/(4pi) ≈ 2.1,
arising from the new ”meta-color” force exchanged be-
tween preon sub-constitutents. Contact interactions are
then normalised choosing g2∗ = 4pi [9]. While other nor-
malisations would of course be possible we stick to the
current standard choice mainly in order to be able to di-
rectly compare our results with those of the experimen-
tal analyses [27–29] which do follow such normalisation.
In eq. (12) m∗ stands for the excited lepton mass and
the Mandelstam variable s for the square of the collider
energy. In the case of contact interactions there is no
angular dependence in the cross section. Therefore, we
just write down the result for the integrated total cross
section. The model embedding doubly charged leptons in
the contact interaction framework has been implemented
in CalcHEP in [22]. In Fig. 3 we compare explicitly the
exotic doubly charged lepton production cross sections
via both gauge and contact interactions for the process
of interest e−e− → E−−νe. We notice that the produc-
tion via contact interactions dominates the production
via gauge interactions from one to two orders of magni-
tude (for example Λ = 5 TeV and m∗ = 0.5 TeV for the
two different center of mass energies
√
s = 1, 3 TeV).
IV. STANDARD MODEL BACKGROUND AND
LSD INVARIANT MASS DISTRIBUTION
In this section we consider the signatures produced by
the decay of the unstable doubly charged lepton and we
focus on a pure final lepton state by considering the de-
cay E−− → W−e− → e−`−ν`. In particular, the de-
cay cascade determines the following final state event
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FIG. 3. (Color online). The plot shows the total produc-
tion cross section as a function of the excited lepton mass for
different values of the compositeness scale Λ. The left panel
refers to 1 TeV for the energy in the center of mass (high-
est expected energy for the ILC) whereas in the right panel
we set the collision energy at 3 TeV (highest expected energy
for CLIC). Contact interactions (solid lines) dominate over
the gauge interactions (dashed line) for the production of the
doubly charged lepton. We use E−− ∈ IW = 1 for the gauge
interactions.
e−e− → e−e−νeν¯e, where we only consider the electron
flavour for sake of simplicity.
Such final particle set may be obtained either via con-
tact or gauge interactions involved in the excited lepton
production and decay process. Therefore, there are four
different production-decay combinations. As shown in
[22], the contact interactions mechanism is always dom-
inant for the production of E−− whereas the decay ex-
hibits a dependence on the relative values of the param-
eters (m∗,Λ). In order to obtain results as general as
possible, in this study we generate the signal taking into
account all of the 8 Feynman diagrams describing the sig-
nal process. All the combinations of contact and gauge
driven production and decay processes are therefore con-
sidered together with their interferences.
The final state, e−e−νeν¯e, translates experimentally
into a like-sign dilepton (LSD) and missing transverse
energy (/ET ) signature, due to the undetectable neutrino
and anti-neutrino. In order to shape the detection strat-
egy of such a signal, an estimate of the backgrounds in
the e−e− beam setting is necessary. We consider only
the SM induced background by using the CalcHEP and
MadGraph [40] generators. The contribution of addi-
tional beyond SM physics is not taken into account in the
present work. In order to discuss the background classi-
fication we adopt the base kinematic cuts in Tab. I. They
are typically adopted to reproduce a general purpose de-
tector geometrical acceptance and minimal requirements
to detect charged leptons. The condition pmaxT (e
−) > 50
GeV is used as a trigger for new physics searches. Let us
start with the SM irreducible backgrounds.
The SM process e−e− → e−e−νeν¯e is described by a
6Base Kinematic Cuts
pminT (e
−) > 15 GeV pmaxT (e
−) > 50 GeV pT (ν) > 15 GeV |η(e−)| < 2.5 ∆R(e−, e−) > 0.5
TABLE I. The base kinematic cuts adopted in order to obtain the upper panel in Fig. 6. This choice is based on existing
models of general purpose detectors for a linear collider [23–25].
Improved Kinematic Cuts
pmaxT (e
−) > 200 GeV −1 < ηmax(e−) < 2.5 /ET > 100 GeV
TABLE II. The improved kinematic cuts used in addition to the base cuts in order to obtain the lower panel in Fig. 6.
Unchanged base cuts from Table I are not repeated here.
total of 28 Feynman diagrams (including those due to
the exchange of identical particles). The ClacHEP gen-
erator allows to compute all of them including the various
interferences. In particular such interferences are numer-
ically quite important as they turn out to be mainly de-
structive. A simple estimate of the dominating diagrams
would sensibly overestimate this background. This pro-
cess exhibits exactly the same particle content as the sig-
nal process. The cross sections obtained according to the
base kinematic cuts in Tab. I are: 188.2 fb at
√
s = 1
TeV and 209.3 fb at
√
s = 3 TeV.
The SM process e−e− → e−e−νeνeν¯eν¯e is described by
a total of 301 Feynman diagrams (including those due to
the exchange of identical particles). The CalcHEP gen-
erator does not allow to handle six particles in the final
state with satisfying accuracy. For this reason we study
this process by means of MadGraph [41]. Despite the par-
ticle content is different from that of the signal, there are
two additional neutrinos, it represents also an irreducible
background being the four neutrinos understood as /ET .
However we expect this process to be suppressed by the
SM couplings relative to the process e−e− → e−e−νeν¯e.
We consider the interferences among all the diagrams and
the cross sections obtained according to the base kine-
matic cuts in Tab. I are: 0.306 fb at
√
s = 1 TeV and
1.356 fb at
√
s = 3 TeV. Therefore this process accounts
for a fairly tiny fraction of the irreducible background,
namely smaller than the 1%, when compared with the
process e−e− → e−e−νeν¯e.
Let us briefly comment on the reducible backgrounds.
According to our signal signature we look for like-sign
dilepton and missing energy. Possible sources of reducible
backgrounds are: either jet or photons misidentified with
electrons and non-prompt leptons coming from heavy
flavour hadrons. Standard experimental techniques al-
low to have typical jet rejection factors into fake elec-
trons of the order of 10−5 for the ATLAS detector [42].
The new generation detectors at ILC and CLIC are ex-
pected to perform at least at same level. For example, let
us consider the process e−e− → jet jet e−νe. The cross
section is O(100) fb. However once it is combined with
the suppression factor of 10−5, the corresponding cross
section safely becomes negligible with respect to the SM
irreducible background e−e− → e−e−νeν¯e. Moreover the
second jet has to be not reconstructed or merged with the
first jet, determining a further reduction of the rate from
this type of background. In summary we focus on the SM
irreducible background e−e− → e−e−νeν¯e that provides
the dominant contribution.
According to previous studies carried out in [21, 22],
the LSD invariant mass is an appropriate kinematic dis-
tribution to look at to discriminate between the back-
ground and the signal. However, we study also differ-
ent kinematic variables in order to improve the signal
strength over the background by establishing useful cuts
at the level of the CalcHEP generator.
We study the differences in the kinematic distribu-
tions of signal and background by means of CalcHEP.
We consider the following kinematic variables: most ener-
getic electron transverse momentum and pseudo-rapidity,
less energetic electron transverse momentum and pseudo-
rapidity and missing transverse energy. We expect that
the transverse energy distribution is peaked to higher val-
ues in the signal with respect to the background. Indeed,
the neutrino produced in association with the excited lep-
ton has to balance the heavy expected mass m∗ in the
transverse plane. In Fig. 4 we show the electrons trans-
verse momentum and pseudo-rapidity distributions for
the SM background against the same distribution for the
signal for two particular choices of points in the parame-
ter space (m∗ = 0.5 and 0.7 TeV, Λ = 5 TeV). We see that
a cut on pmaxT , the transverse momentum of the electron
with leading pT , of the order of 200 GeV would sensibly
suppress tha SM background relative to the signal. The
asymmetry of the pseudo-rapidity distributions suggests
to adopt an asymmetric cut on ηmax, the pseudo-rapidity
of the highest energetic electron, and therefore we apply:
−1 < ηmax < 2.5 . The result for the missing transverse
energy, /ET , is shown in Fig. 5, where the signal distribu-
tion exhibits the maximum at higher values with respect
to the SM background. We find that the /ET distribution
helps to device a useful cut to suppress the SM back-
ground relative to the signal. We clearly see that a cut
on the missing transverse energy, /ET > 100 GeV, should
suppress the the SM background more than the signal.
The base kinematic cuts and the improved kinematics
cuts to disentangle the signal from the background are
summarised respectively in Tab. I and II.
7σ∗x (nm) σ
∗
y (nm) σ
∗
z (µm) N
ILC 481 2.8 250 1.74×1010
CLIC 45 1 44 3.72× 109
TABLE III. Beam parameters used to implement the initial state radiation (ISR) and the beamstrahlung effects in our estimates
of the signal and background [23–25].
ILC -
√
s = 1 TeV
Model σ (fb) σISR (fb) σISR / σ
SM (e−e− → e−e−νeν¯e) 35.2 29.6 ≈ 0.84
Λ = 10, m∗ = 0.5 (TeV) 25.67 19.93 ≈ 0.78
Λ = 10, m∗ = 0.65 (TeV) 17.36 12.32 ≈ 0.71
Λ = 10, m∗ = 0.8 (TeV) 8.16 4.86 ≈ 0.60
CLIC -
√
s = 3 TeV
Model σ (fb) σISR (fb) σISR / σ
SM (e−e− → e−e−νeν¯e) 78.8 40.6 ≈ 0.51
Λ = 15, m∗ = 1.5 (TeV) 48.35 8.28 ≈ 0.17
Λ = 15, m∗ = 2.0 (TeV) 31.64 4.42 ≈ 0.14
Λ = 15, m∗ = 2.5 (TeV) 13.98 1.52 ≈ 0.11
TABLE IV. The cross sections for the SM irreducible background and signal are displayed. They correspond to the Improved
Kinematic Cuts as given in II. We consider different values for m∗ at fixed Λ. The effect of the ISR and beamstrahlung is
shown and it is quite more important for the signal. The larger m∗ the larger the suppression.
In Fig. 6 we show the invariant LSD mass distribution
for the signal and the background. Different values of the
parameters (m∗,Λ) are considered. In the upper panels
we consider the case of ILC at
√
s = 1 TeV with Λ = 10
TeV and m∗ = 0.5, 0.65, 0.8 TeV, with the base cuts of
Tab. I (left) and the improved kinematic cuts of Tab. II
(right). The same is shown for CLIC at
√
s = 3 TeV
with Λ = 15 TeV and m∗ = 1.5, 2.0, 2.5 TeV. In all cases
the correlation of the peak of the LSD invariant mass
distribution with the value of m∗ is quite evident.
Finally we study the statistical significance for the sig-
nal at 3 and 5-sigma level. We address this aspect in
order to assess the accessible parameter space (m∗,Λ) at
linear colliders, at least in this particular beam setting
(e−e−) and at the level of ideally reconstructed parti-
cles. However, we point out that our final numerical
simulations include both for the signal and SM back-
ground the effects of initial state radiation and beam-
strahlung [23, 24]. These effects are taken into account
by the CalcHEP generator by specifying specific beam
characteristics such as the dimension of the bunch along
the beam direction (σ∗z), the dimension of the beam in
the transverse plane (σ∗x and σ
∗
y) and the number of par-
ticles per bunch (N). The specific values used for es-
timating the ISR and beamstrahlung at ILC and CLIC
are given in Tab. III. These effects turn out to be more
important for the signal than for the SM background.
This is understood by considering that radiation effects
will tend to degrade the high energy peak of the beam
spectrum. Thus we expect these effects to reduce more
the signal cross section, say for m∗ ≈ 1 TeV, than the
SM background cross-section where one has to produce
particles with mass of the order of the electroweak scale
(MW ,MZ). Indeed for the signal the combined effect of
ISR and beamstrahlung is more important as the mass
m∗ of the exotic leptons is increased (see Tab. IV).
At a given integrated luminosity L and for any point in
the parameter space (m∗,Λ), we can provide the expected
number of events for the signal and the background as
follows:
Ns = Lσs , Nb = Lσb , (13)
where the the cross section for the signal, σs, and the
one for the background, σb, are provided by the CalcHEP
generator according to the improved kinematic cuts given
in Tab. II. We use the following definition for the statis-
tical significance, that reads
S =
Ns√
Nb +Ns
. (14)
The statistical significance is then a function of two pa-
rameters, namely m∗ and Λ through the expected num-
ber of events for the signal and the background in (13).
Performing the scanning over the parameter space we
can derive the experimental evidence region (S ≥ 3) and
experimental discovery region (S ≥ 5). The results are
shown in Fig. 7. We have also included an estimate of
the statistical error on the significance S by propagat-
ing in quadrature the statistical errors in Ns (
√
Ns) and
Nb (
√
Nb). This gives rise to the bands in the 3 and 5-
sigma contour plots of the significance shown in Fig. 7
by the dashed lines. We remark here that these results
are based on a numerical computation which includes
all 28 Feynman diagrams contributing to the dominant
standard model process generated by CalcHEP, includ-
ing all interferences. It turns out that the interferences
are largely destructive and thus they make the SM back-
ground lower than it could be estimated by simply consid-
ering the dominant diagrams. We consider two different
cases for the luminosity, L = 125 fb−1 and L = 250 fb−1,
and two energies of the colliding electrons,
√
s = 1 TeV
and
√
s = 3 TeV. This choice possibly corresponds to
the nominal luminosity L = 500 fb−1 (L = 1000 fb−1)
and energy for the ILC [23] (and CLIC [24, 25]) facili-
ties. Indeed it has been argued [43] that the luminosity
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tum of the undetectable neutrino and anti-neutrino is shown
for the signal and the SM background processes. The model
parameters are m∗ = 0.5, 0.7, 0.8 TeV,Λ = 5 TeV.
of the e−e− collider should be 1/4 of the e+e− configu-
ration. Accordingly Fig. 7 shows the phase space regions
accessible by the ILC and CLIC at 3- and 5-σ level with
both values of the luminosity given above (125 fb−1 and
250 fb−1). Finally in Fig. 8 the ILC and CLIC exclu-
sion regions at 3-σ are compared with bounds provided
by the LHC analyses of run I at
√
s = 7, 8 TeV [27–
29, 44] and with the prospected exclusion bound on the
parameter space (Λ,m∗) from a theoretical study of the
three-lepton signature of the doubly charged excited elec-
tron at run II LHC (
√
s = 14 TeV) [22]. For example,
for a mass of m∗ = 0.6 TeV the corresponding limit on
the compositeness scale at ILC (CLIC) would be Λ > 18
TeV (Λ > 28 TeV) at 3-sigma level and for L = 125
fb−1, instead of Λ > 15 TeV at the LHC (run I) [44].
The situation appears to be even more encouraging at
larger values of the excited lepton mass. For m∗ ≈ 2 TeV
the expected CLIC exclusion bound on Λ would be (see
Fig. 7 and Fig. 8) Λ > 22 TeV (Λ > 25 TeV) for L=125
fb−1 (L=250 fb−1), which is much better than the cur-
rent (run I) LHC bound: Λ > 5 TeV [44] (Fig. 8). We
note that the CLIC bound on Λ for m∗ ≈ 2 TeV (Λ > 22-
25 TeV) fares pretty well also with the predictions about
the same model at run II (
√
s = 14 TeV) of LHC from
ref. [22] where for m∗ ≈ 2 TeV one expects, with an in-
tegrated luminosity of 300 fb−1, the lower bound on the
compositeness scale Λ > 11.6 TeV. We remark also that
the actual bounds quoted from the current run I LHC
analyses [27–29, 44] refer to excited leptons of ordinary
iso-spin doublets and strictly speaking do not apply to
the exotic charge states of the extended iso-spin multi-
plets, object of this work. Given the similarities of the
interactions we do not expect the bounds from eventual
dedicated search analyses of the exotic charge states to
differ very much form those being currently considered.
We conclude this section with an important remark.
While we have not performed a simulation of the detec-
tor reconstruction efficiencies we expect our predictions
for the contour plots of the statistical significance to be
rather conservative. Indeed from Fig. 4 we see that the
signal electrons are more energetic than those of the back-
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FIG. 6. (Color online). The LSD invariant mass distributions for both signal and background are displayed. In the top panels
we show the case of ILC with
√
s = 1 TeV with the base kinematic cuts (left) and with the improved kinematic cuts (right).
Signal distributions are shown for Λ = 10 TeV and different values of the doubly charged lepton mass m∗ = 0.5, 0.65, 0.8 TeV.
The lower panels show the case of CLIC at
√
s = 3 TeV again with the base kinematic cuts (left) and with the improved
kinematic cuts (right). Signal distributions are shown for Λ = 15 TeV and different values of the doubly charged lepton mass
m∗ = 1.5, 2.0, 2.5 TeV.
ground. The pseudo-rapidity distribution is quite central
for the signal (practically contained in the geometrical
acceptance of the detector −2.5 < η < 2.5) whereas it
is more spread out for the background. While the back-
ground electrons out of the geometrical acceptance are
lost those that are within the geometrical acceptance are
in any case less energetic than the ones from the signal.
These elements favour a higher reconstruction efficiency
for the electrons of the signal than for those of the SM
background leading thus to a higher statistical signifi-
cance. We expect therefore that including such detector
reconstruction efficiencies would increase the statistical
significance and thus would enlarge the region of the pa-
rameter space that could be probed by the Linear Col-
lider. Overall we can say that while the ILC is obviously
limited in the mass range by kinematics and could only
fare better for lower masses only with higher luminosities
than those considered here, the CLIC collider at 3 TeV
is highly competitive with LHC run II well within the
region of high masses (see Fig. 8 right panel).
V. CONCLUSIONS AND OUTLOOK
In the paper we discuss the production of heavy ex-
otic doubly charged leptons in the framework of forth-
coming linear colliders. In particular we focus on the
beam setting e−e−, that allows for the production of a
single doubly charged lepton instead of the corresponding
pair production. Since the excited doubly charged lepton
mass is expected to be heavy, the e−e− beam configura-
tion determines a wider mass parameter space to explore
with respect to the e+e− beam setting.
We consider the production of the heavy exotic lepton
both within contact and gauge interactions. In the latter
case we study in some detail the production cross section
in relation with the different isospin multiplets (IW = 1
and IW = 3/2). In particular, we take into account the
interference between the t and u channels and we provide
the expression for the differential cross sections. The in-
terference effect has not been previously evaluated and
it is there for E−− ∈ IW = 3/2. Despite the produc-
tion via contact interaction mechanism dominates over
the gauge interaction one, the additional t-u interference
term produces a sizable contribution to the cross section
in the gauge mediated case. It amounts to a reduction of
the production cross section by a factor of one third at√
s = 1 TeV.
By considering the decay cascade E−− → W−e− →
ν¯ee
−e−, the following final state particle set is studied:
e−e−ν¯eνe. Experimentally it translates into a LSD pair
and missing transverse energy. We study the LSD invari-
ant mass distribution to assess the detection strategy of
the signal in the linear collider and e−e− beam setting.
While we do not take into account other new physics
sources besides the excited doubly charged lepton, we
study in detail the relevant SM background (28 Feyn-
man diagrams and relative interferences). We perform
10
0,5 0,6 0,7 0,8 0,9 1
m* (TeV)
10
15
20
25
Λ 
(T
eV
)
0,5 0,6 0,7 0,8 0,9 1
m* (TeV)
10
15
20
25
0,5 1 1,5 2 2,5 3
m* (TeV)
10
15
20
25
30
35
Λ 
(T
eV
)
0,5 1 1,5 2 2,5 3
m*(TeV)
10
15
20
25
30
35
3 < S < 5 
S < 3
S > 5
S < 3
3 < S < 5 
S > 5
L=125 fb-1 L=250 fb-1
 √
s =
 1 TeV
 √
s =
 3 TeV
S > 5
3 < S < 5 
S < 3
S < 3
3 < S < 5 
S > 5
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an analysis of their kinematic distributions by means
of CalcHEP including in the final simulations ISR and
beamstrahlung effects both for the signal and the SM
backgorund. We then suggest a sample of kinematic cuts
to discard background events whereas keeping the signal
strength still high. We derive by means of CalcHEP the
number of expected signal and background events taking
into account some improved cuts. Therefore, we provide
the 3 and 5-sigma statistical significance exclusion curves
in the (m∗,Λ) parameter space.
CalcHEP allows to study kinematic distributions for
particles which are ideally reconstructed. In order to bet-
ter establish the possibility to observe such exotic leptons
at liner colliders, it would be desirable to introduce the
effects of detectors like the efficiency reconstruction of the
physical objects. However this effect, if taken properly
into account, will work in favor of the signal over back-
ground event ratio, and so the statistical significance is
expected to increase, in view of the fact that hard and
central electrons, which are expected to be more frequent
in the signal than in the SM background, are more easily
reconstructed in a general purpose detector. Therefore
we expect that a detector simulation of the reconstruc-
tion efficiencies at the linear collider is bound to improve
the region of the parameter space that can be probed at 3
and 5-sigma level relative to the current results shown in
Fig. 7. We emphasize however that in the present study
we have taken in to account basic detector effects like the
geometrical acceptance (see Table I).
Finally, we can say that based on the result presented
here further investigations of the present model at linear
colliders are strongly encouraged perhaps investigating
possible effects due to the available polarisation of the
beams that could still improve the bounds of Fig. 7. Also,
at a linear collider it may still prove interesting to inves-
tigate interference effects of the exotic doubly charged
lepton exchanged as a virtual particle. For instance in
e+e− →W+W−, as opposed to the direct production.
If there will be no direct observation of contact inter-
actions and/or excited fermions at the LHC run II in the
region of large excited lepton masses, m∗ ≈ 2 TeV, the
CLIC lower bounds Λ > 22-25 TeV, on the basis of ex-
pectations of signatures of the same model at the LHC√
s = 14 TeV [22], remains highly competitive with the
bound expected for run II of the LHC: Λ > 11.6 TeV (see
Fig. 8 orange line).
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